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Anterior temporal lobe Semantics Laterality Connectivity a b s t r a c t Semantic dementia (SD) is a condition in which atrophy to the anterior temporal lobes (ATL) produces a selective deterioration of conceptual knowledge. As this atrophy is always bilateral but usually asymmetrical, differences in performance of the two SD subgroupsdwith left > right (L > R) versus right > left (R > L) atrophydconstitute a major source of evidence regarding the roles of the left and right sides of this region. We explored this issue using large scale case-series methodology, with a pool of 216 observations of neuropsychological data from 72 patients with SD. Anomia was significantly more severe in the L > R subgroup, even when cases from the two subgroups were matched on severity of comprehension deficits. For subgroups matched on the degree of anomia, we show that asymmetry of atrophy also affected both the nature of the naming errors produced, and the degree of a semantic category effect (living things vs artefacts). A comparison across tasks varying in their loading on verbal and visual processing revealed a greater deficit in object naming for L > R cases and in a picture-based semantic association test for R > L cases; this held true whether severity across subgroups was controlled using pairwise matching or statistically via principal components analysis. Importantly, the size of our sample allowed us to demonstrate considerable individual variation within each of the L > R and R > L subgroups, with consequent overlap between them. Our results paint a clear picture of how asymmetry of atrophy affects cognitive performance in SD, and we discuss the results in terms of two mechanisms that could contribute to these differences: variation in the information involved in semantic representations in the left and right ATL, and preferential connectivity between each ATL and other more modality specific intra-hemispheric regions.
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Introduction
Nature produces unfortunate but informative experiments in the form of brain diseases or injuries whose consequences can yield unique insights on the roles of different brain regions in various aspects of cognition. This article concerns conceptual knowledge or semantic memory, and the 'natural experiment' under consideration is the progressive brain illness known as semantic dementia (SD). SD is a form of frontotemporal dementia caused by early hypometabolism in, and increasing structural atrophy of, the temporal lobes of the brain, especially in the rostral and ventral temporal regions (Nestor, Fryer, & Hodges, 2006; Rohrer et al., 2009) . The principal cognitive consequence of this disease is a striking deterioration of semantic memory, alongside considerable preservation (for at least some years) of other cognitive domains. This selectivity makes SD a particularly informative source of information regarding the organisation of semantic memory and its neural basis (Collins et al., 2017; Guo et al., 2013; Hodges, Patterson, Oxbury, & Funnell, 1992; Libon et al., 2013; Mesulam et al., 2009; Warrington, 1975) . The specific issue addressed here is the contributions of the left versus right rvTL to the pattern of semantic degradation in SD and, by extrapolation, their roles in the representation of conceptual knowledge in the healthy human brain. The pathology underlying SD is almost always the protein TDP-43 which, in the healthy brain, serves a function in binding RNA (Landin-Romero, Tan, Rohrer et al., 2010; Tollervey et al., 2011) . When this protein misfolds and accumulates abnormally, it kills neurons. Why this pathology in SD has a predilection for the anterior temporal lobes (ATL) is not known. SD is always a bilateral disease but, in the early/mid stages of the condition, (a) the atrophy can be highly asymmetrical, and (b) more typically (in about two-thirds of cases) it is more severe on the left Kumfor et al., 2016) . Unsurprisingly, given that the brains of SD patients with left versus right dominant atrophy (hereafter L > R and R > L respectively) can look so different (see Fig. 1 ), researchers studying SD have been interested in cognitive differences between these two subsets of SD cases. Indeed, some investigators have even suggested that the two subtypes should be considered separate diagnoses (Chan et al., 2009 ) though most commonly all cases are classified as SD, reflecting their shared multimodal semantic deficit.
Probably the most well-established finding concerning asymmetry of atrophy effects in SD is that of a more profound anomia for L > R cases (Graham, Patterson, & Hodges, 1995; Lambon Ralph, McClelland, Patterson, Galton, & Hodges, 2001) . A second oft-reported finding is that R > L cases have a larger deficit in tasks requiring face recognition (Chan, et al., 2009; Josephs et al., 2008) . The interpretation of these differences, however, is not unambiguous and, to quote from a recent review paper on SD: "There remains considerable debate over the respective roles of the right and left temporal lobes in supporting semantic representations" (McCarthy & Warrington, 2016 , p. 1947 . As usual in research, the reason for this unsettled debate derives at least partly from differing theoretical perspectives, each of which can account for some published results but is challenged by other findings.
There are two principal perspectives concerning asymmetry of atrophy effects in SD currently on the table, which we shall label ATL Representations and ATL Connections. These terms derive from the conceptual framework of the hub-andspoke model of semantic memory (Chen, Lambon Ralph, & Rogers, 2017; Lambon Ralph, Jefferies, Patterson, & Rogers, 2016; Patterson, Nestor, & Rogers, 2007; Rogers et al., 2004) , which suggests that the large and very distributed brain network for semantic memory includes (a) modality-specific input and output components, in brain regions posterior and anterior to the ATL, and (b) a trans-modal ATL centre in which representations are abstracted away from the modalityspecific features of concepts, enabling the generalisations that are so crucial to semantic cognition. This centre is the hub, and the connections between modality-specific regions and the hub are the spokes. The ATL Representations and ATL Connections accounts are not mutually exclusive, and evidence for both perspectives has been presented in the literature to date. Fig. 1 e Progression of atrophy in semantic dementia in 13 L > R and 6 R > L cases . Initially abnormalities at presentation (shown in red) show asymmetry to the left (top) and right (bottom). After one year, the increase in atrophy (shown in green) is most marked in the contralateral hemisphere.
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According to the ATL Representations interpretation of ATL asymmetry, the left and right sides of the semantic hub differ in semantic structure in the sense of what they preferentially represent: the left is mainly responsible for the semantics of words and the right for the semantics of nonverbal (perhaps especially, but not exclusively, visual) things, including objects and faces (Gainotti & Marra, 2011; Mesulam et al., 2013; Snowden, Thompson, & Neary, 2012) . Evidence suggesting differential semantic representation of verbal and visual materials comes from, amongst other sources, an elegant study by Snowden et al. (2012 , see also Snowden et al., 2017 , which compared performance for objects versus people on both written-word and picture based tests. L > R patients had lower scores on the word based tests and R > L on the picture based tests, irrespective of the content (object vs person) (see also Butler, Brambati, Miller, & Gorno-Tempini, 2009 ). There is also evidence that the right ATL may play a more important role in processing other nonverbal aspects of semantic knowledge, such as sound recognition (see Gainotti (2017) for review). By the ATL Representations account then, pronounced anomia in L > R cases and prosopagnosia in R > L cases arise straightforwardly from the preferential representation of verbal versus visual semantic information in the left versus right ATL, respectively.
According to the ATL Connections view of the impact of asymmetry of ATL atrophy, more pronounced anomia is seen in L > R SD cases because, although the representations in the left and right ATL do not differ significantly in what they represent but rather form a system integrated across the two sides, the left ATL has stronger connections to left-lateralised frontal speech production systems. The greater anomia in L > R cases has been successfully simulated in computational models by instantiating this substantial difference in connection strength to speech output (Lambon Ralph, et al., 2001; Schapiro, McClelland, Welbourne, Rogers, & Lambon Ralph, 2013) . This interpretation also fits with the results of functional imaging meta-analysis showing stronger left than right ATL activation in speech production tasks , and with the selective disruption of picture naming by repetitive transcranial magnetic stimulation to left but not right ATL (Woollams, Lindley, Pobric, & Hoffman, 2017) .
The pronounced deficit for R > L SD cases in tasks requiring face recognition would, on this ATL Connections view, arise from the following proposal: in addition to stronger within-hemisphere than between-hemisphere connections going forward from the ATL to frontal lobes, connections coming into the two sides of the ATL from posterior brain regions are also stronger within hemisphere. Therefore, since the posterior occipito-temporal networks in the right hemisphere are at least somewhat specialised for faces and perhaps other visual objects (Behrmann & Plaut, 2013; Gainotti & Marra, 2011) , the right ATL will receive stronger input than the left for this type of stimulus in the healthy brain. Ikeda, Patterson, Graham, Lambon Ralph, and Hodges (2006) proposed this idea to explain the fact that R > L SD cases were more impaired than L > R cases on a task requiring a "same type of thing" judgement to two visually different exemplars of a basic object type (e.g., two different toothbrushes or two different elephants).
The goal of this paper is to advance our knowledge of the consequences of asymmetry of ATL atrophy in SD by exploiting large scale case-series neuropsychology. Previous work on this topic has mainly been restricted to relatively small samples and, to the extent that there are individual differences amongst patients, this makes it more difficult to discern consistent similarities in performance. Moreover, the general severity of the semantic impairment is always an important variable, and is easier to take into account in larger samples. Neuropsychological data from a large cohort (N ¼ 72) of SD patients in Cambridge enables what is probably the most extensive consideration of the impact of asymmetry of atrophy on SD performance to date, at least on a limited set of tasks. We first sought to confirm the impact of asymmetry on degree of anomia while controlling for severity of semantic impairment. We then present data concerning the effect of this factor on the nature of picture naming errors with overall severity of the naming impairment matched across asymmetry, which is important given that the frequency of different error types alters over the course of disease progression (Woollams et al., 2008) .
We also consider how asymmetry of atrophy impacts upon success in naming objects from different semantic categories (living vs manmade things), again controlling for severity. Note that there have been several published attempts to assess the presence/absence of a category effect in SD naming, with inconsistent results (Barbarotto, Capitani, Spinnler, & Trivelli, 1995; Lambon Ralph, Patterson, Garrard, & Hodges, 2003; Noppeney et al., 2007) . This study offers the opportunity for a comprehensive assessment as to whether the asymmetry of atrophy might prove a key factor underpinning variation in the category effect across patients with SD (Mendez, Kremen, Tsai, & Shapira, 2010) .
In addition, we present evidence concerning the impact of asymmetry of atrophy on tasks varying in their loading on verbal versus visual processing, controlling for severity both via matching and also statistically, using a principal components analysis. Importantly, the size of our cohort allowed us not only to identify consistent subgroup differences according to L > R versus R > L atrophy independent of severity, but also to reveal significant individual variation within each group.
Method

Design
Our goal was to explore performance in SD patients with asymmetric ATL atrophy across semantic tasks that varied in their relative loading on verbal versus visual information. We selected picture naming as our strongly verbal task because, although the stimulus is of course a visual input, execution of the task requires full specification of the phonological form of the object's name. We included spoken word-to-picture matching (SWPM) as an intermediate task, as this involves a blend of verbal processing of the spoken name and visual processing of the pictured alternative referents. We chose the Pyramids and Palm Trees Pictures test of semantic association as our strongly visual task because this requires visual processing but can be executed without recourse to verbal c o r t e x x x x ( 2 0 1 7 ) 1 e1 4 information. We conducted two sets of analyses: one focussing on the impact of asymmetry of atrophy on picture naming and the other exploring how asymmetry affects performance across the three tasks with differential verbal/visual loading. We acknowledge that a larger range of verbal and nonverbal tasks would of course be desirable; but data from more tasks were only available for a much smaller sample of the Cambridge SD cohort; the strength of this study is its large N.
Participants
For this retrospective analysis, we took as our starting point the Cambridge Semantic Dementia Naming Cohort (as described in Woollams et al., 2008) : all patients entered in the Cambridge database between 1991 and 2006 with a clinical diagnosis of Semantic Dementia and who had completed at least one administration of the picture naming task that forms part of the standard semantic battery (Adlam, Patterson, Bozeat, & Hodges, 2010) . Some patients had only one entry that met this requirement, whereas others studied longitudinally had multiple entries. This yielded a total pool of 225 observations from 78 patients. The asymmetry of ATL atrophy for each patient was determined by examination, by an experienced neurologist, of a T1 MRI scan acquired around the time of diagnosis. Six cases with rather symmetrical L z R atrophy were excluded from the analysis. The remaining total of 72 patients, contributing 216 observations, showed notable asymmetry of ATL atrophy: 152 observations from 52 patients in the L > R category and 64 observations from 20 patients in the R > L category. Note that this approximate two-thirds/onethird ratio is completely typical of reports from other research centres studying SD. For the naming analyses, we selected patients who also had SWPM data from the same testing round. This was available for 72 patients contributing 207 observations: 148 observations from 52 L > R patients, 59 observations from 20 R > L patients. For the task analyses, we selected patients who in addition had Pyramids and Palm Trees Pictures data from the same testing round. This was available for 62 patients contributing 156 observations: 112 observations from 45 L > R patients plus 44 observations from 17 R > L patients. A number of analyses involved matched subsets of patients, accomplished by taking the full set of available R > L observations and, for each of these, selecting the observation with the closest relevant score from the pool of L > R patients.
Stimuli and procedure
The picture naming task, consisting of either the 48-or 64-item version of the Cambridge Semantic Battery, as described in Woollams et al. (2008) , involved a series of single pictures presented on individual sheets of paper for a naming response. Patients' responses were scored as correct if they produced either the target name or an acceptable alternative (see Woollams et al., 2008) at any point in responding to the target. Errors of commission were coded, on the basis of the first erroneous response, into one of seven categories (Omission, Semantic, Superordinate, Informative Circumlocution, Other Circumlocution, Other, or Unrelated), as outlined in Woollams et al. (2008) . Commission errors lacking appropriate information about the target (Other Circumlocution, Other, or Unrelated) were rare, together constituting less than 9% of responses, and were therefore not analysed in detail by Woollams et al. (2008) , nor will they be considered here. The SWPM task consisted of either the 48-or 64-item version of the Cambridge Semantic Battery, and involved a spoken name which was presented with either 8 (48-item version, chance ¼ 12.5%) or 10 (64-item version, chance ¼ 10%) alternative pictures all from the same semantic category arranged on a sheet of paper, with the patient indicating which of these matched the spoken name with a pointing response. All pictures in both the naming and SWPM task were black and white line drawings from Snodgrass and Vanderwart (1980) . Both versions of the test contain items drawn from eight different semantic categories, half of which are living things (in 4 subcategories: domestic and foreign animals, birds, fruits) and half are manmade artefacts (4 sub-categories: large and small household items, vehicles and tools). The picture version of the Pyramids and Palm Trees Test (Howard & Patterson, 1992) contains 52 trials; each consists of 3 drawings, a target picture above two alternative picture responses (chance ¼ 50%), with the patient asked to indicate which of the two response alternatives is semantically associated with ("goes with", in the instructions) the target, using a pointing response.
Results
Naming analyses
We first assessed the extent to which anomia severity varied as a function of asymmetry of atrophy. For this, we used all results where a patient had been tested on both naming and SWPM, which amounted to 148 observations from 52 L > R patients and 59 observations from 20 R > L patients. We then considered naming performance when cases were matched across asymmetry subgroups on SWPM (59 observations from 36 L > R patients and 59 observations from 20 R > L patients). The influence of asymmetry on the frequency of different types of picture naming errors was considered for a subset of patients matched on overall naming ability (59 observations from 30 L > R patients and 59 observations from 20 R > L patients), and the same cohort was used to explore the impact of asymmetry on the size of the living/non-living category effect.
Anomia severity
A more pronounced anomia than would be expected from performance on receptive semantic measures has been reported particularly to characterise SD patients with L > R atrophy. As can be seen from the Naming-Matching curves (following Lambon Ralph et al., 2001 ) presented in Fig. 2 , this 'excess' of anomia is largely true of the whole cohort, independent of direction of asymmetry; but it is indeed more strikingly true for the L > R sub-group. In these figures, the overall extent to which the production deficit outstrips comprehension as measured by SWPM is captured by how much the central tendency pulls down toward the bottom right corner. This deflection is much more pronounced for c o r t e x x x x ( 2 0 1 7 ) 1 e1 4 L > R in blue than R > L in red. With regards to individual pairs of scores on the two tests, a handful of 'blue' observations are truly extreme, with SWPM scores up around 80e90% (in a task where the chance rate is 10e12.5%) but naming scores close to zero. There are no such extreme 'red' observations. For picture naming, the L > R patients (mean of 32%,
, albeit with a much smaller difference for matching than naming. When we paired each of the 59 observations from R > L patients with a matched SWPM score from a case with L > R atrophy, the naming deficit remained significantly more pronounced for the L > R than R > L patients, as can be seen in Fig. 3. 
Error types
In addition to the impact of asymmetry of atrophy on naming accuracy, the kinds of naming errors produced by the two subgroups could also differ. To explore this issue, it is important to match on the overall severity of the naming deficit, and we therefore took each of the 59 observations from R > L patients and matched these to a L > R observation on naming accuracy, yielding average scores of 53% (SD ¼ 31%) for the R > L and 53% (SD ¼ 27%) for the L > R. We then assessed the relative frequency of the different error types considered in detail by Woollams et al. (2008) according to asymmetry of atrophy. As shown in Fig. 4 , the L > R patients produced a significantly higher rate of omissions and informative circumlocutions than the R > L patients. Conversely, the R > L patients produced a higher rate of 
superordinate and co-ordinate semantic errors than the L > R patients.
Category effect
As evidence of a semantic category effect has been inconsistent across previous studies, we also used the same set of observations that had been matched on overall severity of the naming impairment to explore whether asymmetry of atrophy might be a predictor of this effect. As shown in Fig. 5 , both groups showed a significant disadvantage in the naming of living relative to non-living things. Given that this subset of the cohort was matched on overall naming ability at 53%, this is in line with Woollams et al.'s (2008) finding that these effects are maximal in the middle range of naming impairment. As can also be seen in Fig. 5 , the category effect was larger for
One widely accepted interpretation of a disadvantage for living things is that, at least at the 'basic' level of categorisation, there is a higher degree of visual similarity between living things than artefacts (Cree & McRae, 2003; Humphreys & Forde, 2001; Humphreys & Riddoch, 2003 . As a consequence, in an impaired system, it is more likely that one living thing (e.g., a cow) will be confused with another (horse) than is the case for manmade artefacts (e.g., a cup and a spoon). It is therefore relevant to note that the greater category effect seen for the R > L than L > R patients was driven by a difference specifically in semantic errors 
Task analyses
Our goal with the task analyses was to explore the impact of asymmetry of atrophy on performance in tasks that vary in their loading on verbal versus visual processing, from naming (verbal) through spoken word-to-picture matching (verbal and visual) to associative picture matching (visual). Data from all three tasks was available for 156 observations from 62 patients: 112 observations from 45 L > R patients and 44 observations from 17 R > L patients. We first selected a subset of these observations that allowed us to match across asymmetry of atrophy on overall severity of the impairment as indexed by an average score over the three tasks. This left us with a subset of 44 R > L observations from 17 patients matched to 44 L > R observations from 29 patients. We then confirmed these matched subset results by including all 156 observations from the 62 patients with data from all tasks in the full group analysis where we control for severity statistically using Principal Components Analysis.
Matched subgroups
Both the ATL Representations and ATL Connections accounts of the impact of asymmetric atrophy would predict that L > R patients should be significantly worse than R > L patients in picture naming and, as can be seen in Fig. 6 , this held true when the subgroups in this analysis were matched on their overall degree of semantic impairment over all tasks. There was no difference between subgroups on SWPM, with an intermediate loading on verbal and visual processing, demonstrating the two groups in this analysis to be comparable on their degree of semantic impairment in a receptive task. As Fig. 6 reveals, the R > L patients in this matched analysis had significantly lower scores than the L > R patients on the Pyramids and Palm Trees pictures (PPTp) test, which involves making semantic associations with purely visual stimuli and no verbal input or output at all.
Although the mean performance of the two patient subgroups showed a small but reliable double dissociation across more verbal versus more visual processing tasks, it is important to consider the individual patient data. Shown in Fig. 7 are the 44 observations from the L > R patients in blue and the 44 observations from the R > L patients in red on the Picture Naming and PPTp tests, arranged according to the rank order of their scores. While there is a clear tendency for more of the L > R cases to fall toward the bottom of the rank for picture naming and more of the R > L cases to fall toward the bottom of the rank for PPTp, there is nevertheless considerable overlap between the groups across all levels of severity, emphasising that the mean score discrepancies consequent on asymmetry of atrophy reflect relative differences overlaid on a core multimodal semantic deficit.
Principal components analysis
While matching observations pairwise on degree of the semantic impairment is one way to control for variations in severity across the two subgroups, Principal Components Analysis (PCA) allows us to use the full available cohort by controlling for severity statistically (Lambon Ralph, Patterson, Graham, Dawson, & Hodges, 2003) . We therefore took the 156 observations from 62 patients with data available for Picture Naming, SWPM and PPTp (112 observations from 45 L > R patients and 44 observations from 17 R > L patients) and entered these into an unrotated PCA in SPSS v20. This produced one factor with an eigenvalue of greater than one (2.38) that accounted for 79% of the total variance. All three tasks loaded heavily on this factor (Naming r ¼ .89; SWPM r ¼ .93; PPTp r ¼ .86), hence it provides a measure of overall severity of the general semantic impairment. The PCA severity factor was then used as a predictor in a regression on the scores for each task, and the residuals computed. These residuals reflect variance in performance in each task that is left unexplained by overall severity, with positive residuals indicating better than expected performance and negative residuals indicating poorer than expected performance. The average values for these residuals are presented in Fig. 8 separately for the L > R and R > L observations. It is clear from Fig. 8 that the L > R patients were performing worse than expected for naming, as expected for matching, and better than expected for PPTp. Conversely, the R > L patients were performing better than expected for naming, as expected for matching and worse than expected for PPTp. In line with the results of the matched subgroups analysis, the residuals for Picture Naming were significantly lower for L > R than R > L, there was no asymmetry difference in residuals for SWPM, and the residuals for PPTp were significantly lower for R > L than L > R.
The residuals for individual observations are presented in Fig. 9 for Picture Naming and PPTp according to overall severity of the semantic impairment. There is overlap between residuals for the L > R observations (shown in blue) and those for the R > L observations (shown in red) across the full range of severity in both tasks. Despite this overlap, it is clear that for Picture Naming, more L > R fall below zero and more R > L observations fall above zero, whereas for PPTp, this pattern is reversed. Indeed, in this PCA based analysis with statistical control for severity, the separation according to asymmetry seems somewhat cleaner than in the previous pairwise matching analysis. The individual residuals therefore support the group residual results and suggest a relative double dissociation between performance on verbal and visual tasks according to direction of asymmetry of ATL atrophy.
Discussion
As far as we are aware, all researchers concerned with the issue addressed here agree that there are genuine differences between the roles of the left and right temporal lobes in representing, accessing and/or expressing conceptual knowledge. In other words, the question is not whether they are different but how and why. Data from this study have furthered our knowledge of how degrees of damage to the left versus right anterior temporal lobe differ in their consequences, as summarised below. On the path to this summary, it is perhaps worth a quick reminder that researchers have no straightforward way of directly observing central representations of conceptual knowledge; we can only measure these via inputs to and outputs from them, with these stimuli and responses of course required to be in some verbal or nonverbal format. In fact, our preferred description of central conceptual 'hub' representations (as exemplified by the computational model of Rogers et al., 2004 ) is that they do not contain explicit information about concepts (e.g., that a camel is a large, somewhat horse-like, pack animal with a hump usually found in desert regions); rather, these representations are patterns of activation across the equivalent of hidden units in a connectionist model, with semantic structure encoded by varying degrees of similarity between representations. Thus the patterns for a camel and a horse will be different but somewhat overlapping, whereas the patterns for a camel and a pair of scissors will have no overlap. Note that this does not equate to a view in which semantic information is represented entirely in abstract format, because the semantic system of the brain consists of both this central hub of trans-modal representations and the perceptual/motor input and output representations that connect to the hub, which are not at all abstract but rather modality-specific (see Lambon Ralph, et al., 2016; , for recent published descriptions of this "hub-and-spoke" model of semantic memory, and Gainotti, 2017, for a recent review of these issues).
Returning to the how-question of left-right differences in semantics: Perhaps the clearest, best-documented answer, from studies of L > R versus R > L SD, is that the left temporal lobe plays a more important role than the right in tasks requiring semantically driven speech production, for example in tests of naming and category fluency. Evidence of this type is found in too many publications to list exhaustively here, and includes some other studies with reasonable numbers of SD cases (Lambon Ralph, et al., 2001 with N ¼ 16; Mendez et al., 2010 with N ¼ 32; Mion et al., 2010 with N ¼ 21). The prominent anomia that characterises L > R SD has also been conclusively demonstrated here with an even larger sample (148 observations from N ¼ 72 cases). Importantly, we have also shown that the mean difference in naming scores still holds when subsets of L > R and R > L cases are matched on word-topicture matching ability, a cross-modal measure of semantic knowledge (118 observations of naming data from N ¼ 58 cases). While it could be argued that the greater anomia seen in the L > R cases arises from the spread of atrophy to frontal regions involved in speech production (Rohrer et al., 2009 ), this seems unlikely given the correlation of picture naming ability specifically with left ventral ATL hypometabolism (Mion et al., 2010) . Indeed, repetitive transcranial magnetic simulation to the left ATL undermines picture naming but does not affect number naming (Pobric, Jefferies, & Lambon Ralph, 2007; Woollams et al., 2017) , which argues against an account of left ATL deficits in terms of disruption of nearby speech production regions. The marked L > R anomia in SD is consistent with both the ATL Representations and ATL Connections perspectives.
We have also provided a detailed large scale consideration of how asymmetry of atrophy affects the kinds of naming responses produced, based on the classifications considered in our previous study of SD picture naming (Woollams et al., 2008) . Importantly, we matched cases across asymmetry on their overall level of naming ability, meaning that severity was Fig. 9 e Individual values of residuals after partialling out the influence of the PCA severity factor on Picture Naming, SWPM and PPTp scores for the 112 observations from 45 L > R patients (shown in blue) and 44 observations from 17 R > L patients (shown in red) with data available across all three tasks. Values above zero represent better than expected performance and values below zero indicate worse than expected performance. not a contributor to group differences. The L > R cases were more likely to produce omission errors (e.g., "I don't know") or informative circumlocutions (e.g., "We have one in the kitchen we use at breakfast" in response to a kettle). This result is consistent with the importance of the left ATL in producing semantic activation of the level necessary to drive production of a specific spoken name, in line with both the ATL Representations and ATL Connections accounts. In contrast, the R > L cases showed higher rates of superordinate responses and semantic errors (e.g., "animal" and "dog" for cat, respectively). These results are in line with the idea that the right ATL is preferentially involved in processing of visual material, again consistent with both accounts. Superordinate errors can be driven by an approximate representation of visual features, and semantic errors by activation of close incorrect visual features. These results confirm the asymmetry of atrophy effects on picture naming responses originally reported by Lambon Ralph et al. (2001) .
Our large pool of naming data also allowed us to consider the impact of asymmetry of atrophy on the potential category effect in picture naming in SD. A substantial category effect is not usually seen in SD (Lambon Ralph, Lowe, & Rogers, 2007; Noppeney, et al., 2007) but has been found in a few cases (e.g., Barbarotto et al., 1995; Lambon-Ralph, Patterson, Garrard, et al., 2003) . Our previous large study of SD naming (Woollams et al., 2008) demonstrated that a significant disadvantage for living things was seen in the mid-severity range, which was eliminated after controlling for differential familiarity of the items. Hence there are both patient and stimulus related factors that could contribute to the inconsistent observation of category effects in SD naming. Here, we considered the impact of asymmetry of atrophy over the same set of items. This means that any differences across categories in stimulus properties like familiarity was constant across patients and hence could not be responsible for the observed asymmetry of atrophy influences on the category effect. In addition, by matching across asymmetry of atrophy on severity of the semantic impairment, this meant that differences on this dimension could not be responsible for differential category effects, either directly or indirectly in terms of the influence of factors like familiarity (Woollams et al., 2008) . We found a significantly larger category effect in naming accuracy for the R > L cases, in agreement with initial observations by Mendez et al. (2010) .
Through the first formal analysis of naming errors according to category, we revealed that this difference was driven by the higher rates of semantic (category co-ordinate) errors to living things in the R > L cases. To the extent that living things are more visually similar than non-living things, thendunder conditions of compromised visual semantic informationdit is living things that will tend to be mistaken for other members of the same general category. In addition, given the higher proportion of L > R versus R > L SD cases apparently seen in all clinics and research centres, our results suggest an additional patient-related factor that may affect the likelihood of observing a significant category effect; and indeed the few previous single-case reports of a significant category effect in SD have mainly come from R > L cases (Barbarotto et al., 1995; Lambon-Ralph, Patterson, Garrard, et al., 2003; Mendez et al., 2010) . There are, however, data from other conditions that question this simple summary: two patients with unilateral left-temporal lesions including the ATL (one from a stroke, one HSVE) both revealed a much more substantial advantage for naming manmade over living things than the R > L SD cases reported here (Patterson et al., 2015) . As so often in the neuropsychology literature, differential effects of semantic category on performance resist a simple interpretation.
In addition to our naming analyses, we were also able to consider how asymmetry of atrophy in SD affects performance over tasks that vary in their weighting on verbal-phonological and visual-pictorial information, from picture naming through the intermediate task of spoken word-to-picture matching to picture semantic associations. We were able to match for severity using average performance over all three tasks for 88 observations from N ¼ 46 cases. Strikingly, this revealed near identical performance on the spoken word-to-picture matching task across asymmetry, with a (relative) double dissociation emerging such that the L > R cases were significantly worse at naming whilst R > L cases were significantly worse at semantic association with pictures. This dissociation was even more apparent when we used principal components analysis to statistically control for severity of the semantic deficits across the whole cohort with available data (156 observations from N ¼ 62 cases), and then considered how asymmetry affected the unexplained residual variation for each task. This latter approach is potentially useful for future research with smaller cohorts that do not permit pairwise matching.
Overall then, our results validate and extend two key aspects of performance that are affected by asymmetry of atrophy in SD: poorer naming in L > R cases and poorer semantic knowledge as accessed from pictures in R > L cases (as shown very clearly in Figs. 6 and 8 ). These differences, significant though they are both statistically and theoretically, are group differences: on tests involving speech production, for example, L > R cases as a group have lower mean scores than R > L cases as a group. As soon as one looks at individualpatient results, it becomes clear that there is a great deal of overlap in the patterns (see Figs. 7 and 9 ). Given two individual SD patients, one with more atrophy on the left and the other with more atrophy on the right, with the two cases matched (as much as is feasible) for overall degree of severity: should you bet that the former patient will have a lower naming score than the latter? Yes, but not your whole bank account. Our principal components analysis suggests that the odds of accurate prediction would seem somewhat better when severity has been controlled for statistically; nevertheless significant inter-patient variation remains. Most research centres studying SD have long treated L > R and R > L cases as meaningfully belonging to a single disease model of semantic memory, despite the measurable differences between the two subgroups. The appropriateness of this strategy is bolstered by the substantial interleaving of cases from the two subgroups in Fig. 7 , though this is less apparent in Fig. 9 .
In considering the individual data, it is worth raising the issue of how we might expect asymmetry of atrophy effects to evolve over time with disease progression. We know that with time, the most marked change is the increase in atrophy in the contralateral temporal lobe Rohrer et al., 2008 ; see Fig. 1 ). This then predicts that any initially-observed asymmetry of atrophy effects should wane with progression.
On the other hand, over time there is also extension of atrophy into regions adjacent to the ATL focus within each hemisphere (Hoffman, Jones, & Ralph, 2012; Rohrer, et al., 2009 ), which could enhance any asymmetry of atrophy effects with progression. Hence we have two opposing processes acting on asymmetry of atrophy effects longitudinally e contralateral diminution and ipsilateral enhancement. To the extent that these two processes operate equally, one might expect to see little change in asymmetry of atrophy effects over time. Although in our sample we did have longitudinal observations in some cases, our consideration of the evolution of deficits in individual cases was inconclusive, with notable individual variation. This is not surprising as it is highly unlikely that the contralateral and ipsilateral spread of atrophy occurs equally across different cases, or even within a particular case over time. In order to understand progression of deficits in verbal and non-verbal tasks in SD, what is needed is a longitudinal study with multiple cases that incorporates serial neuroimaging to allow the relative contribution of contralateral and ipsilateral spread of atrophy to be quantified at each time point.
Having established that there are significant differences, at least at group-level, in the cognitive consequences of the asymmetry of atrophy in SD, and that research (ours and others') has illuminated the main ways in which this dimension manifests itself, we return to the question of why this difference is observed. As already indicated in the Introduction, we are using the short-hand description of ATL Representations versus ATL Connections to characterise the whyquestion. So the question becomes: does this difference arise (a) because the central semantic representations in the left versus right ATLs have inherent differences, or (b) because these left and right rostral temporal regions have stronger connections to intra-hemispheric regions posterior and anterior to the hub that are preferentially tuned to processing verbal versus nonverbal stimuli and producing verbal versus nonverbal responses? Although we (the current authors) and our colleagues (Chen et al., 2017; Lambon Ralph, 2014; Lambon Ralph et al., 2016; have tended to argue for the ATL Connections account, we are beginning to wonder whether this is even a meaningful question given that, over time, differential connectivity and representational specialisation may form a mutually reinforcing loop.
To take a neurodevelopmental perspective, if we begin with the emergent left lateralisation for verbal aspects of speech perception (Bortfeld, Fava, & Boas, 2009; MinagawaKawai, Cristi a, & Dupoux, 2011) , this could start a process of left ATL specialisation via connections from superior temporal regions such as the middle longitudinal fasciculus (Bajada et al., 2016; Binney, Parker, & Lambon Ralph, 2012) . Then speech production develops as a highly left-lateralised system (Blank, Scott, Murphy, Warburton, & Wise, 2002; Kohler et al., 2015) , which would promote greater left ATL specialisation via the uncinate fasciculus and extreme capsule complex (Leng et al., 2016; Parker et al., 2005) . Then posterior specialisation for written language perception in ventral occipito-temporal cortex (vOTC) emerges with a lateralisation that follows that of speech (Cai, Lavidor, Brysbaert, Paulignan, & Nazir, 2008;  Cai, Paulignan, Brysbaert, Ibarrola, & Nazir, 2010), further reinforcing left ATL specialisation via the inferior longitudinal fasciculus (Thiebaut de Schotten et al., 2011) . This proposal can account for the most robust finding concerning left-right differences in ATL function, namely the strong left lateralisation in verbal production tasks (Lambon Ralph et al., 2001; Rice et al., 2015b) , and it also provides an account of the same bias for written word processing (Marinkovic et al., 2003; Snowden et al., 2012) .
The same kind of neurodevelopmental account could be mounted for the emergence of some specialisation for nonverbal materials in the right hemisphere, which is clear in the case of objects (as shown here) and faces (Snowden, Thompson, & Neary, 2004; Snowden et al., 2012) , but may also extend to nonverbal auditory materials (Gainotti, 2017) . Increasing left lateralisation of verbal speech perception is parallelled by right temporal lateralisation of nonverbal aspects of speech perception such as prosody (Arimitsu et al., 2011; Minagawa-Kawai et al., 2011) , which would encourage right ATL specialisation for voice (and also possibly sound) recognition. The emergent specialisation of left vOTC to written verbal material appears to cause the right vOTC to adopt a preference for objects such as faces (Dundas et al., 2014) , which in turn could promote right ATL specialisation to pictorial materials. This proposal fits with the stronger impairments on picture-based semantic tests among SD cases with R > L atrophy relative to those with L > R atrophy reported here and elsewhere (Snowden et al., 2012) . Visual semantic information may be particularly important for unique identification within high similarity classes such as animals (Humphreys & Riddoch, 2003) , consistent with the larger category effect that we observed in picture naming for the R > L than L > R sub-group.
Our proposals concerning the source of asymmetry of atrophy effects in SD are of course speculative, but serve to emphasise the inter-relationship between representation and connectivity. Recall again that researchers cannot observe semantic representations in the absence of stimuli or responses. This means that whatever we observe, in terms of overt behaviour or patterns of brain activation, always and necessarily involves those connections. In other words, we do know that the left versus right hemisphere components of the semantic network are differentially important in verbal versus nonverbal processing; but we do not know whether the semantic representations in the left versus right central hub can be meaningfully divided according to type of information. Although neuroimaging techniques like MVPA (e.g., Malone, Glezer, Kim, Jiang, & Riesenhuber, 2016) could allow us to scrutinise representational similarity across the ATLs for different stimuli, the ability to detect differences is constrained by the high degree of interactivity between them (Binney & Lambon Ralph, 2015; Warren, Crinion, Lambon Ralph, & Wise, 2009) . Detailed analyses of the relative time course of activation to different stimuli permitted by techniques like MEG (e.g., Marinkovic et al., 2003) may allow us to begin to tease apart which elements of differing cognitive profiles are due to differences in ATL Representations versus ATL connections. Our conclusion is that asymmetry of atrophy effects in SD are likely to emerge from a combination of both differential connectivity and representation, and the challenge for future research will be to understand their interaction over development and decline.
